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Chlamydial TARP is a bacterial nucleator of actin
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Chlamydia trachomatis entry into host cells results from a parasite-
directed remodeling of the actin cytoskeleton. A type Il secreted
effector, TARP (translocated actin recruiting phosphoprotein), has
been implicated in the recruitment of actin to the site of internal-
ization. To elucidate the role of TARP in actin recruitment, we
identified host cell proteins that associated with recombinant
GST-TARP fusions. TARP directly associated with actin, and this
interaction promoted actin nucleation as determined by in vitro
polymerization assays. Domain analysis of TARP identified an
actin-binding domain that bears structural and primary amino acid
sequence similarity to WH2 domain family proteins. In addition, a
proline-rich domain was found to promote TARP oligomerization
and was required for TARP-dependent nucleation of new actin
filaments. Our findings reveal a mechanism by which chlamydiae
induce localized cytoskeletal changes by the translocated effector
TARP during entry into host cells.

Chlamydia | type Ill secretion | cytoskeleton | endocytosis

Gram-negative obligate intracellular bacterium, Chlamydia
trachomatis, is the leading cause of preventable blindness
worldwide and the most prevalent bacterial pathogen causing
sexually transmitted disease in the western world (1). Chlamydiae
initiate their intracellular developmental cycle by actively gaining
entry into host cells. The extracellular infectious form of the
developmental cycle is referred to as an elementary body (EB).
Once engulfed by the host cell, the EB differentiates into the
replicative reticulate body within the protective confines of a
membrane-bound parasitophorous vacuole called an inclusion (2).
The ligands on the EB surface and cognate host cell receptor
have not been definitively identified; however, it appears that
chlamydiae use an entry mechanism that involves several distinct
levels of interaction (3, 4). EB invasion of nonphagocytic cells is
thus the product of coordinated cytoskeletal remodeling char-
acterized by the formation of pedestal-like structures and hy-
pertrophic microvilli that are directly triggered by the invading
chlamydiae (5).

A recently identified C. trachomatis type 111 secretion system
secreted protein called TARP (for translocated actin recruiting
phosphoprotein) is tyrosine-phosphorylated by a host cell kinase
and is spatially and temporally associated with the recruitment
of actin at the site of EB invasion (6). TARP is present in all
pathogenic Chlamydia species examined to date. Analysis of
TARP orthologs from C. trachomatis, Chlamydia muridarium,
Chlamydia caviae, and Chlamydia pneumoniae indicates that only
C. trachomatis serovars are phosphorylated, despite all Chla-
mydia strains demonstrating the recruitment of actin to the site
of entry (6, 7).

We demonstrate here that TARP associates directly with actin
by a small domain contained within the C-terminal region of the
protein. Furthermore, TARP independently nucleates new actin
filaments by forming a large homogenous multimeric protein
complex mediated by a proline-rich domain. We propose that
TARP participates in the observed “parasite-specified phago-
cytosis” (8) by promoting the rapid polymerization of actin
filaments required for EB uptake.

Results

TARP Binds to Actin but Not the Arp2/3 Complex from Hela Extracts.
GST-TARP fusions were used in pull-down experiments to
identify interacting proteins. The C-terminal domain of TARP
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or full-length TARP expressed as a GST fusion specifically
precipitated a host cell protein of ~40,000 Da, which was
identified as actin (Fig. 14). Actin was also precipitated by a GST
fusion to the verprolin, cofilin, and acidic (VCA) domain of the
human adapter protein N-WASP (WASP, Wiskott-Aldrich syn-
drome protein), known to mediate actin dynamics through direct
association of actin monomers and the Arp2/3 complex (9, 10).
No proteins were found to specifically interact with the GST
protein or uncoated bead controls, and likewise no proteins were
precipitated by GST fusion to the N-terminal domain of TARP
(Fig. 1A4).

The Arp2/3 complex, a complex of seven proteins known to
nucleate new actin filaments within eukaryotic cells, was also
readily precipitated by the GST-VCA fusion but not by TARP
(Fig. 14). Probes for diaphanous family formins, Dial (Fig. 14)
and Dia2 (not shown), were similarly negative. Collectively, the
results suggest that cellular actin-binding proteins do not medi-
ate the association between actin and TARP.

In agreement with previous findings (7), GST fusions to the
full-length TARP protein or N-terminal domain containing the
tyrosine-rich repeat region of TARP were phosphorylated when
incubated in the presence of HeLa extracts (data not shown).
These findings confirm that TARP phosphorylation and actin
recruitment involve distinct domains of the protein.

TARP Binds to Actin Directly. Because actin was the only observed
protein precipitated from HeLa extracts by TARP, we analyzed
the capacity of TARP to bind to actin directly. The two recom-
binant TARP proteins that associate with actin from HelLa
extracts, GST-TARP and GST-C-domain, were found to cosedi-
ment with purified filamentous (F) actin (see Fig. 6, which is
published as supporting information on the PNAS web site). The
assay was validated by the observed binding of the F actin-
binding protein « actinin to actin filaments and the absence of
actin binding to the N-terminal domain of TARP and GST
control. To investigate whether monomeric actin (G actin)
similarly associated directly with the TARP C domain, purified
rabbit actin was used in GST pull-down experiments performed
under monomeric actin-supporting conditions. Again, both the
full-length TARP and C- terminal domain of TARP precipitated
G actin, whereas the N-terminal domain of TARP and GST
control did not (Fig. 1B). The direct association between mam-
malian actin and TARP protein suggests that chlamydiae directly
manipulate the host cell’s microfilament network.

TARP Promotes Actin Polymerization. To investigate whether TARP
influences actin polymerization, an in vitro assay using pyrene-
conjugated actin was used to analyze the kinetics of actin polymer-
ization. Pyrene-actin fluorescence intensity increases up to 20-fold

Author contributions: T.J.J. and T.H. designed research; T.J.J., E.R.F., and D.J.M. performed
research; T.J.J. contributed new reagents/analytic tools; T.J.J., E.R.F.,, D.J.M., and T.H.
analyzed data; and T.J.J. and T.H. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS direct submission.

Abbreviations: EB, elementary body; CD, cytochalasin D.

$To whom correspondence should be addressed. E-mail: ted_hackstadt@nih.gov.

© 2006 by The National Academy of Sciences of the USA

PNAS | October 17,2006 | vol. 103 | no.42 | 15599-15604

>
O
(=]
-
=]
@
(<]
13
=
=




SINPAS

b‘"
A ° {\b@‘“ 4 "b\(\v f‘b\(\

S & & & »

ANSPPA N S Al A\ o
IS HFEEF 2
Y ¢ <] <] (¢ [

kDa + - + - + - + - + - + |ysate
Zgg ‘ - a0
1 —
100 & e
75 - "
50 -
37 RSt £ - H-—
s L. BRETEY. w@w_
20 B -
50-
5 - - o - o actin
50- - - o Arp3
250-
150 0. o, Dia1
100-
b‘o
B b‘é é}‘(\ %‘(\
& R £ £
0 B PSS

& ALY A

5§

® FFFF &

kDa + + + + G-actin

50-

- — e o actin
37-

Fig. 1. TARP associates with actin but not the Arp2/3 complex. (A) Extracts
from Hela cells were incubated with GST or GST fusions to TARP and specif-
ically bound proteins were resolved by SDS/PAGE and visualized by Coomassie
blue staining. In this experiment, Tarp and Tarp-C-domain GST fusion con-
structs (GST-TARPA and GST-C-domainA, respectively) were truncated at the C
terminus by 150 amino acids to prevent proteolytic breakdown (see Fig. 4A).
GST fusions are indicated by open circles. Actin (arrow) from Hela lysates was
specifically bound by GST-TARPA or GST-C-domainA. Full-length Tarp and
Tarp—-C domain showed identical results (data not shown). The Hela lysate
shown in the first lane represents 1% of the material used in the +lysate
pull-down lanes. Samples identical to those shown in the Coomassie-stained
gel were subjected to immunoblotting with actin (« actin), actin-related
protein 3 (a Arp3), or formin (« Dia1)-specific antibodies. Molecular mass of
protein standards is in kDa. (B) GST-TARP associates with monomeric actin (G
actin) directly. Immobilized GST-fusion proteins to full-length TARP, the C-
terminal domain of TARP, and the N-terminal domain of TARP were incubated
with monomeric actin in G buffer. Bound proteins eluted from glutathione
beads were resolved by SDS/PAGE and subjected to immunoblotting with an
actin (« actin)-specific antibody.

as monomeric actin is organized into filaments (11). In physiological
buffers, G actin spontaneously organizes into filaments (12). This
assembly of actin monomers is limited by the instability of actin
dimers and trimers that serve as a nucleus for the rapid elongation
of actin filaments (13). The kinetic barrier of nucleation is reflected
in a characteristic lag phase in pyrene-actin polymerization assays
and is followed by a rapid increase in fluorescence, which represents
the elongation phase. Nucleation is the rate-limiting step in actin
polymerization; thus, actin nucleators display a shortened or vir-
tually nonexistent lag phase (11).

Both full-length TARP and the C-terminal domain of TARP
promoted actin polymerization at a greater rate compared with
the N-terminal domain of TARP, GST, or pyrene actin alone

15600 | www.pnas.org/cgi/doi/10.1073/pnas.0603044103
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Fig.2. TARP promotes actin polymerization. (A) Pyrene actin polymerization
inthe presence of GST-TARP fusions. GST-TARP fusions representing the entire
protein (TARP), C-terminal domain of TARP (C-dom TARP), or N-terminal
domain of TARP (N-dom TARP) were incubated with 1 uM monomeric pyrene-
labeled actin. A TARP-mediated increase in actin polymerization after the
addition of polymerization buffer at 600 sec was measured as arbitrary
fluorescence intensity (Intensity a.u) over time (seconds) with excitation and
emission wavelengths of 365 and 407 nm, respectively. Purified GST (GST) and
pyrene actin alone (actin alone) served as negative controls. (B) TARP-
mediated actin polymerization occurs in the presence of HeLa extracts. Pyrene
actin polymerization as described in A with the addition of 10 ug of Hela
extracts. (C) CD inhibits actin filament growth initiated by TARP. Pyrene assay
as in A with the addition of 1 M CD added to the C-terminal domain of TARP
(C-dom TARP + CD) and actin control (actin alone + CD). (D) Pyrene-
conjugated actin was visualized by transmission electron microscopy after
initiation of polymerization. Actin filaments generated in the presence of the
C-terminal domain of TARP (C-dom TARP) or GST control (GST) were collected
at 5, 10, and 30 min postpolymerization initiation and stained with 1%
uranyl-acetate. (Scale bar, 0.1 um.)

controls (Fig. 2.4 and D). The pyrene assay was also performed
in the presence of HeLa extracts (Fig. 2B). Interestingly, the rate
of actin polymerization in the presence of extract was less than
that of TARP alone, presumably because of the presence of
actin-depolymerizing and/or sequestering agents in the extract.
The observation that actin polymerization accelerates in the
absence of Arp2/3 complex or other cellular factors suggests that
TARP directly nucleates actin polymerization. The dramatic
effect of TARP on actin polymerization kinetics occurred de-
spite minimal effects of TARP on the actin critical concentration
(see Fig. 7 and Table 1, which are published as supporting
information on the PNAS web site).
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Fig. 3. TARP nucleates new actin filaments. (A) Nucleation of new actin
filaments is TARP concentration-dependent in the presence of 1 uM CD (+CD).
Anincrease in pyrene actin fluorescence was observed as actin polymerization
was assessed in the presence of 150, 300, 600, and 1,200 nM GST fusions to the
C-terminal domain of TARP (C-dom TARP). (B) Pyrene-conjugated actin fila-
ments generated in A were visualized by transmission electron microscopy
after initiation of polymerization. Actin filaments generated in the presence
of 150 nM C-terminal domain of TARP (150 nM C-dom TARP + CD) and (150 nM
C-dom TARP — CD) or actin alone control (actin alone + CD) were collected 30
min postpolymerization initiation and stained with 1% uranyl-acetate. (Scale
bar, 0.1 um.) (C) Actin filament length was measured from micrographs
collected in B. Data are represented as the average length of 40 individual
actin filaments per condition. Error bars depict one standard deviation from
the mean.

TARP Nucleates New Actin Filaments. Actin polymerization is pre-
vented by the addition of the fungal metabolite cytochalasin D
(CD), which caps the fast-growing or barbed end of an actin
filament (14). CD (1 uM) inhibited TARP-induced actin filament
growth, indicating that TARP promotes actin filament elongation
from the barbed end (Fig. 2C). Interestingly, a concentration-
dependent increase in pyrene actin fluorescence was observed with
increased TARP concentrations in the presence of 1 uM CD (Fig.
3A4). Actin filaments produced in the presence of TARP and CD
were significantly shorter (=~0.07 microns) compared with un-
treated actin filaments (=~0.65 microns) when examined by trans-
mission electron microscopy (Fig. 3B). Actin filament growth was
arrested shortly after the initiation of polymerization, producing
short actin filaments of similar length despite an 8-fold increase in
TARP concentration (Fig. 3C). TARP reduced the critical con-
centration of actin in the presence of 100 nM or 1 uM CD to
approximately that of actin alone, although the kinetics of poly-
merization resembled the initial burst of TARP-induced actin
nucleation rather than actin alone (see Fig. 7 and Table 2, which are
published as supporting information on the PNAS web site).
Because the TARP-mediated rise in pyrene actin fluorescence did
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Fig. 4. Schematic of C. trachomatis TARP and GST-TARP fusions used in this
study. (A) L2 TARP harbors an N-terminal tyrosine-rich repeat region (green
boxes), which are contained within the GST fusions: GST-TARP, GST-TARPA,
and the GST-N domain. Proline-dense (blue box) and actin-binding domains
(red box) are contained within the C-terminal half of TARP located in the GST
fusions: GST-C-domain, GST-C-domainA, and 8d. The GST fusion 8e contains
the actin-binding domain only. (B) TARP harbors a conserved actin-binding
domain. Sequence alignment of the actin-binding helix of WAVE2 and the
putative actin-binding helix of TARP. Black bars indicate the residues that fall
within the actin-binding helix for TARP (above) and WAVE2 (below). Yellow
shading indicates identical residues, and green shading indicates similarity. A
consensus sequence is shown under the alignment.

not correspond significantly with an increase in actin filament
length, we determined whether increased fluorescence was because
of the production of a greater quantity of similar-length actin
filaments. An increase of pelleted filamentous actin was found to
correlate with an increase in TARP concentration (data not
shown). These data indicate that increased concentrations of TARP
produced a greater number of actin nucleation events but ultimately
generated actin filaments of a similar length in the presence of CD.

Identification of the Actin-Binding Domain of TARP. To define the
residues within TARP responsible for actin polymerization, a
series of truncated GST fusions (1-11) with the TARP C domain
were generated (see Fig. 8, which is published as supporting
information on the PNAS web site). The GST-TARP fusions
were tested for their ability to bind actin in HeLa pull-down
experiments and for their ability to polymerize actin in pyrene
actin polymerization assays. The smallest GST-TARP fusion
capable of binding to and polymerizing actin encompassed
residues T425-S825. To define the minimal actin-binding domain
of TARP, an additional overlapping GST fusion was generated
containing a 100-aa fragment, residues D726-S825 (GST-D726-
S$825). This 100-aa fragment (GST-D726-S825) associated with
actin but failed to induce polymerization in pyrene assays (see
Fig. 9, which is published as supporting information on the PNAS
web site). The rate of polymerization was below that of pyrene
actin alone, resembling rates observed for typical G actin-
binding proteins that depress rates of actin polymerization by
sequestering G actin (11). These data indicate that the TARP
actin-binding domain is contained within residues D726-S825.
This fragment also binds F actin, suggesting that the G and F
actin-binding domains are the same (see Fig. 6).

The 100-aa fragment of TARP, which binds actin, was found to
contain a short sequence of amino acids (A748-K758) predicted to
form a helical secondary structure. This helical domain harbors
striking identity and similarity to the helical actin-binding domain
of WH2 domain family proteins (ref. 15; see Fig. 4). The separation
of an actin-binding domain from a polymerization domain suggests
that TARP-mediated actin polymerization is not simply the product
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Fig. 5. The actin-binding domain of TARP oligomerizes to form an actin
nucleator. TARP fragments 8d* (* indicates GST is removed) capable of poly-
merizing actin and 8e* missing a proline-rich domain were analyzed by gel
filtration. (A) An additional peak representing oligomerized Tarp (arrow) was
detected inthe A280 trace of eluted fragment 8d*. Elution times are indicated
above the major peaks. The protease used to remove the GST moiety eluted
at the 31.5-min peak. (B) Protein fractions were collected in 2-min intervals
from the gel filtration column. Protein fractions were resolved by SDS/PAGE
and were subjected to immunoblotting with a TARP-specific antibody. Dex-
tran Blue 2000, polyacrylic sizing beads, and protein standards are indicated
above the immunoblot with respective molecular weight and peak elution
times. (C) Oligomerized TARP peptide polymerizes pyrene actin. GST-TARP
peptide 8d* fraction 17 increased actin polymerization compared with the
smaller 8d* fraction 27, which polymerized actin to similar levels as the actin
alone control. 8e* fraction 29 reduced the rate of actin polymerization.

of a stable TARP-actin compound but a more complex association
involving other domains of TARP.

A Proline-Rich Domain Is Required for Actin Polymerization. To
identify the smallest fragment of TARP capable of polymerizing
actin, GST-C-dom TARP no. 8, which harbors the actin-binding
domain, was further truncated in 25- or 50-aa increments from
the N terminus of the fragment to generate GST-TARP frag-
ments 8a-8f. GST-TARP fusions 8a-8d were capable of poly-
merizing actin, whereas the shorter GST-TARP fusions 8e and
8f did not promote actin polymerization and demonstrated
pyrene profiles similar to an actin sequestering protein (see Fig.
9, which is published as supporting information on the PNAS
web site). The smallest GST-TARP fragment capable of poly-
merizing actin, 8d, also polymerized actin with the GST moiety
removed (data not shown and Fig. 5C). The minimum actin
polymerizing TARP fragment 8d* (* indicates GST is removed)
capable of polymerizing actin differs from fragment 8e*, an actin
sequestering peptide, by harboring a proline-rich domain con-
tained within TARP amino acids S625-N650. We hypothesize

15602 | www.pnas.org/cgi/doi/10.1073/pnas.0603044103

that this region of TARP stimulates actin polymerization by
promoting TARP oligomerization, thus bringing multiple actin-
binding domains together to nucleate a new actin filament.

TARP Oligomerizes to Form an Actin Nucleator. Gel filtration was
used to determine the size of a potential TARP complex.
Absorbance (280 nm) of protein standards demonstrated sepa-
ration of proteins ranging in size from 1.1 mDa to 15 kDa.
Fragment 8d* eluted as a symmetrical peak at ~17.5 min (Fig.
5A), suggesting that the TARP peptide oligomerized to form a
species of ~800 kDa. Minor amounts of TARP were also
detected in fractions 27 and 29 by Western blot analysis (Fig. 5B).
When the smaller fragment of TARP not capable of actin
polymerization, 8e*, was placed over the gel filtration column, no
protein was observed in this size range (Fig. 5 A and B),
suggesting the inability to form a large complex. The actin
polymerization activity from the fractions collected harboring
the major absorbance peaks for TARP fragments 8d* and 8e*
demonstrates that the polymerization activity is contained in
oligomerized 8d* (Fig. 5C). All TARP constructs examined that
were capable of nucleating actin polymerization similarly oli-
gomerized (data not shown).

TARP is known to migrate aberrantly on SDS/PAGE (6).
Depending upon the values used in the calculations (predicted
mass 20,520 Da vs. M, 37,000), the 800-kDa homomeric complex
represents 20—-40 TARP monomers. These data taken together
indicate that TARP has the capacity to form large homogenous
complexes, and that this ability to oligomerize is essential for the
actin-nucleating activity.

Discussion

Chlamydial attachment to the surface of epithelial cells induces
rapid cytoskeletal rearrangements that culminate in the endocytosis
of the invading bacterium. To investigate a role for TARP in
chlamydial internalization, GST-TARP fusion proteins were used
to identify interacting host cell proteins. Both monomeric actin (G
actin) and filamentous actin (F actin) associated with TARP
directly, and this binding occurred independently of TARP phos-
phorylation. In pyrene actin polymerization assays, TARP induced
rapid and dose-dependent actin polymerization in the absence of
additional host or chlamydial factors. The data suggest that TARP
independently nucleates new actin filaments.

Three classes of actin nucleation factors have been described.
These include the Arp2/3 complex, the formins, and the recently
described Drosophila Spire protein (16-21). Each protein or
protein complex nucleates actin with distinct features and po-
lymerization kinetics. Other than the 9-aa sequence similarity to
the actin-binding domain of WH2-family proteins, TARP dis-
plays no sequence similarity to components of the Arp2/3
complex, the formins, or Spire, and TARP-induced actin poly-
merization differs from these known actin nucleators in several
properties. Unlike the Arp2/3 complex, TARP induces the
formation of long unbranched actin filaments and does not
require preexisting actin filaments from which to nucleate new
filaments. Furthermore, Arp2/3 requires additional host factors,
such as WASP-family proteins (themselves activated by Rho-
family GTPases; refs. 22 and 23), whereas TARP does not.
Unlike formins, TARP does not contain formin homology
domains (FH1 and FH2) and binds monomeric actin in the
absence of host proteins. In contrast to the four actin-binding
domains of Spire, TARP requires only a single actin-binding
domain to promote nucleation of actin filaments.

Like the Arp2/3 complex and Spire, actin filament formation
by TARP is strongly inhibited by CD, an inhibitor of elongation
that acts by capping the fast-growing barbed end of actin
filaments (14, 24). TARP, like all actin-nucleating factors, thus
stimulates filament formation by promoting elongation from the
barbed end. Although TARP lacks the characteristic FH2 do-

Jewett et al.
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main of formins, oligomerization appears to be a requirement for
actin polymerization in the same sense that dimerization is a
prerequisite for formins (25). TARP binds monomeric G actin,
but oligomerization of TARP is required, presumably bringing
multiple actin monomers into close proximity to nucleate a new
actin filament. The effects of CD on TARP-induced filament
formation are suggestive of a very rapid formation of an actin
nucleus that is inhibited from elongation by the capping activity
of cytochalasins. TARP thus shares characteristics with other
known actin-nucleating agents but also demonstrates key differ-
ences that indicate actin nucleation likely occurs by means of a
novel mechanism.

Actin filament formation is promoted by at least three distinct
mechanisms. Severing of actin filaments can create new ends
from which to extend actin filaments, rates of elongation may
change by uncapping of barbed ends, or actin may be nucleated
de novo (26). TARP appears to promote actin filament assembly
by direct nucleation. The kinetics of actin polyermerization in
the presence of TARP suggests de novo nucleation activity and
is inconsistent with a severing action, because addition of TARP
to preformed actin filaments did not result in changes to
filaments, as observed by pyrene-actin fluorescence or trans-
mission electron microscopy (data not shown). Furthermore,
actin-severing proteins typically demonstrate a lag phase in
pyrene actin polymerization assays that was not observed when
performed in the presence of TARP. The almost immediate
nucleation of actin is illustrated by the TARP concentration-
dependent increase in pyrene-actin fluorescence in the presence
of CD. This increase is very rapid and plateaus quickly when
elongation is inhibited by CD. We have not ruled out the
possibility that TARP also increases the rate of elongation, but
that function would most likely be in addition to the observed
nucleation function.

C. trachomatis L2 TARP contains a single actin-binding
domain that bears sequence similarity to the WH2 domain of
WASP-family protein member 2 (WAVE2). This region of
TARP was unable to promote actin polymerization without
additional TARP residues. Further analysis identified a proline-
rich domain whose presence correlated with homooligomeriza-
tion of TARP and, in conjunction with the actin-binding domain,
the ability to nucleate actin. TARP multimerization likely occurs
in the host cell after translocation through the type III secretion
system, because complexes >800 kDa, the observed size of
oligomerized TARP peptide (200 aa) by gel filtration are too
large for secretion. TARP complexes in vitro appear to be stable;
however, it is possible that complex formation in vivo is more
transient given the dynamic regulation of actin recruitment and
pedestal formation associated with EB internalization (5, 27).

The TARP orthologs demonstrate striking sequence diversity
among C. trachomatis strains and species of Chlamydophila (7,
28). Interestingly, the tyrosine-phosphorylated tandem repeat
domain of TARP is not conserved between species, yet both the
actin-binding helix and proline-rich oligomerization domains are
conserved among the sequenced strains, suggesting that these
domains are integral to the function of TARP (7, 28). C.
trachomatis 1.2 TARP contains a single actin-binding domain
that is sufficient to promote actin polymerization. C. trachomatis
serovars D and A (28, 29), respectively, contain two or three
sequences nearly identical to the single L2 actin-binding domain.
It will be of interest to compare the kinetics of actin polymer-
ization among these TARP orthologs to determine whether
polymerization rates correlate with observed differences in
tissue tropism and/or disease type.

Many bacterial pathogens subvert actin cytoskeletal dynamics
to their own ends. Bacteria such as Listeria, Shigella, Rickettsia,
and Burkholderia, which replicate freely within the cytoplasm of
the host cell, use an actin-based motility mechanism to spread
directly from cell to cell (30-37). This mechanism typically
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involves a bacterial outer membrane protein that recruits com-
ponents of the host actin machinery, including the Arp2/3 actin
nucleation complex (38). Microbial pathogens also manipulate
actin dynamics to promote, or avoid, internalization. Intracel-
lular pathogens invade host cells by interactions between a
bacterial cell surface ligand and cognate host cell receptor to
initiate a cascade of signals that culminate in cytoskeletal
rearrangements and phagocytosis. Alternatively, they may di-
rectly secrete effector proteins into the cell that interact with the
actin machinery to promote internalization (39, 40). Generally,
these processes are also accomplished by mechanisms that
involve Rho-family GTPases and ultimately lead to recruitment
of the Arp2/3 complex. Only one bacterial effector protein, SipC
of Salmonella, has been proposed to directly nucleate actin
filament formation (32). Chlamydial TARP also appears to
directly nucleate actin filament formation during the entry
process yet shares no sequence similarity with SipC.

Although TARP appears to directly nucleate actin, the inter-
nalization of chlamydiae is clearly multifaceted and likely in-
volves multiple actin regulators. The Rho family GTPase, Rac,
is activated and required for C. trachomatis entry, whereas both
Rac and Cdc42 appear to be required for C. caviae internaliza-
tion (27, 41). Rac activation is associated with lamellipodia
formation in a process that involves WAVE2 and Arp2/3 (23).
Preliminary data suggest that WAVE2, Abil, and the Arp2/3
complex are recruited to the site of entry in a Rac-dependent
manner and are required for efficient entry of chlamydial EBs."
The actin filaments induced by TARP may serve as a scaffold for
the branching activity of activated Arp2/3 complex, synergisti-
cally altering the cytoskeleton of the host cell to promote
chlamydial invasion. Current studies are directed toward eluci-
dating the cooperative nature of this interaction during EB
uptake. In addition to the significant contribution TARP makes
in bacterial invasion as a novel nucleator, further studies on
TARP-induced polymerization of actin will provide new insights
into actin dynamics.

Materials and Methods

Cloning and Protein Expression. In-frame GST fusion proteins for
full-length TARP or truncation mutants were generated by PCR,
amplifying the corresponding coding regions from C. trachomatis
L2 genomic DNA using custom synthesized oligonucleotide
primers (Integrated DNA Technologies, Coralville, IA). pGEX-
6P-1 plasmids encoding the GST-TARP fusion proteins were
transformed into the BL21 strain of Escherichia coli (Novagen,
Madison, WI). Protein expression and purification were per-
formed according to the procedures outlined in the Bulk GST
Purification Module (Amersham Biosciences, Piscataway, NJ).

GST Fusion Protein Pull-Down Experiments. Hela 229 cells were
suspended in 100 mM KCI/10 mM Hepes (pH 7.7)/2 mM
MgCl,/2 mM ATP (buffer A) and disrupted by ultrasonication
(Misonix, Farmingdale, NY). Insoluble material was removed by
centrifugation (12,000 X g; 25 min, 4°C). Glutathione-Sepharose
beads were incubated with 10 ug of GST fusion proteins or GST
for 1 h at 4°C in PBS (Amersham Biosciences). GST-fusion
protein-coated Sepharose beads were washed twice with PBS
and once with buffer A before the addition of ~100 ug of HeLa
extracts. Extracts and beads were incubated together for 2 h at
4°C, washed three times with fresh buffer A, and bound proteins
were eluted using Laemmli sample buffer.

Actin Binding. F actin binding was performed according to the
procedures outlined in the Actin Binding Protein Biochem Kit
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(Cytoskeleton, Denver, CO). Details are provided in Supporting
Text, which is published as supporting information on the PNAS
web site, as are protocols used for analysis of G actin binding.

SDS/PAGE and Immunoblotting. SDS/PAGE and immunoblotting
were as described (6). Polyclonal rabbit antiactin-related pro-
tein3 (Arp3) was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Rabbit anti-Diaphanousl and Rabbit anti-
Diaphanous 2 were purchased from Bethyl Laboratories (Mont-
gomery, TX). The antiactin C4 monoclonal antibody was pur-
chased from Chemicon International (Hampshire, U.K.).
Polyclonal rabbit antibodies to TARP have been described (6).

Pyrene Assay. The rate of actin polymerization in the presence of
GST fusions was monitored according to the methods outlined
in the Actin Polymerization Biochem Kit from Cytoskeleton.
Details are provided in Supporting Text.

Transmission Electron Microscopy. Specimens were obtained di-
rectly from the pyrene assay, and 5-ul droplets were placed on
200 mesh copper grids having a carbon-coated formvar support
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